Purpose Niraparib is a highly selective inhibitor of PARP-1 and PARP-2 approved in the United States for maintenance treatment of adult patients with recurrent ovarian cancer in complete or partial response to platinum-based chemotherapy. In this open-label crossover study, we evaluated the effects of food on niraparib pharmacokinetics (PK) and safety. Methods Patients received a single 300-mg dose of niraparib either after a high-fat meal or under fasting conditions. After a 7-day PK assessment, all patients received a second 300-mg dose of niraparib under the opposite condition, followed by 7-day PK assessment. Blood samples for PK analyses were collected at baseline (on days 1 and 8) and up to 168 h post-dose. Bioequivalence between conditions was defined by the 90% confidence intervals (CIs) for area under the plasma concentration-time curve (AUC) from 0 to last measurable concentration (AUC 0-last ) and from 0 to infinity (AUC 0-∞ ) being within the 80-125% range. Results The high-fat meal/fasting ratios of geometric least-squares means for AUC 0-last and AUC 0-∞ were 106.8 (90% CI 97.8-116.6) and 110.1 (90% CI 99.7-121.6), respectively, indicating bioequivalence between conditions. Mean half-life, maximum plasma concentration (C max ), and time to C max after the high-fat meal were similar to, 27% smaller than, and 128% greater than after fasting, respectively. Adverse events were similar between conditions. Conclusions A high-fat meal did not impact the PK profile of niraparib, indicating that niraparib can be taken with or without food. Niraparib was safe and well-tolerated.
Introduction
Ovarian cancer is the second-leading cause of gynecologic cancer deaths worldwide [1, 2] . Platinum-based chemotherapy, usually given in 4-6 cycles, is used in the setting of disease recurrence after a response lasting at least 6 months to a prior platinum-based chemotherapy, and is typically not intended to be used until progression of disease. Despite high response rates to second-line platinum-based treatment in patients with recurrent ovarian cancer, the effectiveness of platinum-based chemotherapy diminishes over time; progression-free survival (PFS), response rates, and platinum-free intervals generally decrease after each subsequent treatment with a platinum regimen [3] .
Poly(ADP-ribose) polymerase (PARP)-1 and PARP-2 are proteins that play a crucial role in DNA repair by detecting DNA damage, binding DNA sites with singlestrand breaks, and prompting catalytic polymerization [4, 5] . PARP inhibition in sensitive tumor cells produces PARP-DNA complexes, irreparable double-strand DNA breaks, and genomic instability that collectively result in cell death [6, 7] . Clinical studies have shown that PARP inhibitors are effective in patients with recurrent ovarian cancer, 1 3 particularly those with breast cancer gene (BRCA ) mutations and platinum-sensitive disease [8] [9] [10] [11] [12] .
Niraparib is a highly selective inhibitor of PARP-1 and PARP-2 [13] approved in the United States for the maintenance treatment of adult patients with recurrent epithelial ovarian, fallopian tube, or primary peritoneal cancer who are in complete or partial response to platinum-based chemotherapy. In a phase 1 dose-escalation study in patients with advanced solid tumors, including those harboring BRCA 1/2 mutations, niraparib was well tolerated and had antitumor activity in patients who had platinum-sensitive or platinum-resistant ovarian cancer with or without germline BRCA (gBRCA ) mutations [14] . A recent, randomized, placebo-controlled phase 3 study was conducted in patients with recurrent ovarian cancer following complete or partial response to chemotherapy (ENGOT-OV16/ NOVA; NCT01847274) [15] . This study demonstrated that PFS was significantly longer in patients receiving 300 mg niraparib once daily than in those receiving placebo in both the gBRCA cohort (21.0 months vs. 5.5 months; hazard ratio 0.27; 95% confidence interval [CI] 0.17-0.41; p < 0.001) and the overall non-gBRCA cohort 9.3 vs. 3.9 months; (hazard ratio 0.45; 95% CI 0.34-0.61; p < 0.001). In addition, the side-effect profile of niraparib was consistent with that observed in previous studies, and no new safety signals were identified.
Food may change the bioavailability of oral oncology drugs by altering absorption processes or interfering with metabolism (e.g., by inhibiting cytochrome P450 enzymes) [16, 17] , ultimately affecting these drugs' clinical efficacy and safety profile. Thus, oral oncology drugs are commonly indicated for administration to fasting patients.
We present here the findings of a 14-day, open-label, crossover ENGOT-OV16/NOVA substudy conducted to evaluate the effects of food in patients with ovarian cancer. Specifically, the goal was to assess the effect of a high-fat meal on the pharmacokinetics (PK) of a single 300-mg dose of niraparib. The safety of niraparib was also evaluated in the same subset of patients. Efficacy was not evaluated in this substudy.
Materials and methods

Subjects
Patients of at least 18 years old were deemed eligible for this food effect substudy if they had a histological diagnosis of ovarian cancer, fallopian tube cancer, or primary peritoneal cancer, regardless of platinum sensitivity and burden of disease, and if no standard therapy existed or the patient had refused standard therapy. To be eligible, patients also had to have an Eastern Cooperative Oncology Group (ECOG) performance status between 0 and 2, be able to eat a high-fat meal, and be able to fast for 12 h.
Patients were excluded if they had received chemotherapy within 3 weeks of study start or palliative radiotherapy within 1 week of enrollment (encompassing > 20% of the bone marrow); had symptomatic, uncontrolled brain or leptomeningeal metastases; had persistent grade > 2 toxicity from prior cancer therapy or a known hypersensitivity to the components of niraparib; were pregnant or breastfeeding or expecting to conceive children within the projected duration of the study treatment; were immunocompromised (with the exception of patients with splenectomy, who were allowed in the study); had a baseline QT prolongation > 470 milliseconds; or had taken a proton pump inhibitor, antacids, or an H 2 blocker within 48 h of dosing.
Food effect substudy design
Patients were randomized 72 h prior to a 300-mg dose of niraparib in a crossover design ( Fig. 1 ) to either sequence AB or sequence BA. In sequence AB, patients fasted (had nothing to eat or drink, except water) for at least 10 h before receiving a single dose of 300 mg niraparib, and continued to fast for at least 2 h after the dose. In sequence BA, patients fasted for at least 10 h before consuming a high-fat meal; within 5 min of finishing the meal, a single dose of 300 mg niraparib was administered orally, and then patients resumed fasting for at least 4 h. The high-fat meal (with fat representing approximately 50% of total caloric content), which was also high in calories (approximately 800-1000 calories), is recommended for food effect bioavailability and fed bioequivalence studies [18] .
After a 7-day PK assessment and washout period, all patients received a second 300-mg dose of niraparib under the opposite condition, followed by a second 7-day PK assessment (Fig. 1 ). Patients in sequence AB received niraparib after a high-fat meal, and patients in sequence BA received niraparib under fasting conditions. Approximately 2 weeks after completion of this substudy, patients continued with open-label niraparib at 300 mg once daily until disease progression, unacceptable toxicity, death, withdrawal of consent, or loss to follow-up, whichever occurred first. (This is referred to as the once-daily dosing phase.)
Assessments
Patients were included in the PK population if they received niraparib in each condition; a sufficient number of blood samples were collected from each patient in each condition. Blood samples for PK analyses were collected at baseline (on days 1 and 8 within 30 min prior to dosing) and 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 48, 72, 96, 120, and 168 h post dose.
To assess differences in PK parameters between the fasting and the high-fat condition, 90% CIs for the ratios of geometric means for maximum observed concentration (C max ), area under the plasma concentration-time curve (AUC) from 0 to last measurable concentration (AUC 0-last ), and AUC from 0 to infinity (AUC 0-∞ ) were calculated.
Safety
The safety population consisted of all patients who received at least one dose of study treatment. In the 14-day substudy, safety data were assessed on days 1 and 8 when patients received niraparib (crossover phase); after completion of the substudy, safety data were assessed once daily while patients received niraparib. Safety evaluations included assessment of treatment-emergent adverse events (TEAEs), changes in clinical laboratory parameters (hematology and chemistry), vital signs, electrocardiogram (ECG) parameters, physical examinations, and use of concomitant medications. Adverse events were graded according to Common Terminology Criteria for Adverse Events v.4.02 and were monitored throughout the study. Triplicate ECGs were performed on day 1 at baseline (predose) and at 1, 1.5, 2, 3, 4, 6, and 8 h post dose to coincide with PK assessments. ECGs were performed 2-5 min apart and prior to blood sampling for PK analysis.
Statistical analysis
An analysis of variance within WinNonlin™ Phoenix (Version 6.
3) was used to analyze maximum observed concentration (C max ), AUC 0-last , and AUC 0-∞ . The model included terms for treatment (high-fat meal or fasted), treatment sequence (high-fat meal then fasted or fasted then high-fat meal), and period (day 1 or day 8). The two treatment groups were deemed bioequivalent if the CIs for AUC 0-last and AUC 0-∞ were within the 80-125% range.
This study was approved by the appropriate institutional or national research ethics committee or both, and was performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards.
Results
Subjects
A total of 17 patients were enrolled in the food effect substudy (Table 1) . Patient demographics and baseline characteristics were generally well-balanced between groups. Across the two groups, patients were between 47 and 69 years of age, most (88.2%) were white, and all had an ECOG performance status of 0 or 1 at study entry. The median age overall was 64 years, which is consistent with ovarian cancer primarily being reported in women over 50 years of age. Patient demographics in this study were consistent with those reported in the ENGOT-OV16/NOVA study [15] . All patients had ECOG performance status values of 0 (70.6%) or 1 (29.4%), indicating that all were fully active or ambulatory and capable of self-care at the time of screening.
Pharmacokinetics
Of the 17 patients enrolled in the food effect substudy, the PK population comprised 16 patients for analysis Niraparib 300 mg Niraparib 300 mg
during the fasting condition and 15 patients for analysis during the high-fat meal condition (Table 2) . One patient vomited after the first dose and was excluded from both the fasting and high-fat conditions; a second patient who received a high-fat meal had only two PK concentrations in this condition and was, therefore, excluded from the PK analysis. The mean plasma concentration-time profiles of niraparib in the linear and semilogarithmic scales are shown in Fig. 2a, b , respectively. The high-fat meal and fasting conditions were associated with comparable niraparib plasma concentrations; higher maximum concentrations were apparent following the fasting condition. Predose concentrations were measurable in all patients that received niraparib treatment on day 8 and were included in the analysis. These measurable concentrations ranged from 8.26 to 95.7 ng/mL and were consistent with what was expected, based on the half-life (t ½ ) of niraparib. The mean and standard deviation (SD) of the mean for niraparib PK parameters are presented in Table 2 . Both treatment conditions had similar t ½ , AUC 0-last , and AUC 0-∞ . For example, the t ½ for niraparib was 47.9 ± 17.5 h for the high-fat meal condition and 50.5 ± 17.9 h for the fasting condition. The mean (SD) C max for the high-fat condition was 27% smaller than for the fasting condition [582.1 (228.6) vs. 803.7 (403.3) ng/mL]. The mean (SD) time to C max (T max ) for the high-fat condition was 128% greater than for the fasting condition [8.0 (4.9) vs. 3.5 (1.2) h]. Statistical evaluation of the PK parameters AUC 0-last , AUC 0-∞ , and C max is presented in Table 3 . The high-fat meal/fasting ratios of geometric least-squares (LS) means for AUC 0-last and AUC 0-∞ were 106.8 and 110.1, respectively. The corresponding 90% CIs were within the 80-125% bioequivalence statistical limits. The geometric LS mean ratio for C max was 78.5, with the lower limit of the 90% CI (69.5) below the bioequivalence acceptance range. Table 2 PK parameters PK pharmacokinetic, t ½ half-life, T max time to maximum observed concentration, C max maximum observed concentration, AUC 0-last area under the plasma concentration-time curve from 0 to last measurable concentration, AUC 0-∞ area under the plasma concentration-time curve from 0 to infinity, SD standard deviation a Variations in the number of patients that were PK evaluable are based upon statistical analysis plan-specified measures of evaluable patient time data outputs b n = 16 c n = 15
High-fat meal condition, mean (SD) 
Safety
The safety population included 17 patients. In the crossover phase, grade ≥ 3 TEAEs included anemia (deemed treatment-related and occurring in one patient) and urinary tract infection (occurring in one patient) in the fasted condition (Table 4) . Five of 17 patients (29.4%) experienced at least one treatment-related TEAE. A treatment-emergent serious adverse event (urinary tract infection) occurred in one patient in the fasted condition. Hypokalemia was the only TEAE reported in ≥ 10% of patients. During the once-daily niraparib dosing phase (i.e., after the substudy), the grade ≥ 3 TEAE profile (Table 5) was consistent with the safety profile seen in other niraparib studies [15] and other PARP inhibitors [19] [20] [21] . There were no reports of clinically significant abnormal ECG changes, including QTc interval prolongation, attributed to niraparib.
Discussion
The antitumor activity of niraparib and the favorable safety profile of niraparib were initially demonstrated in a phase 1 dose escalating study in patients with advanced solid tumors, including those with gBRCA 1/2 mutations [14] .
More recently, the randomized, double-blind, placebo-controlled phase 3 ENGOT-OV16/NOVA trial [15] , conducted in patients with recurrent ovarian cancer who had a complete or partial response to platinum-based chemotherapy, showed that niraparib significantly improved progression-free survival compared with placebo. The results of this ENGOT-OV16/NOVA substudy demonstrate that food did not impact the PK profile of niraparib compared to fasting in recurrent ovarian cancer patients. The t ½ of niraparib was similar in the two conditions. Food increased the T max approximately by 128% compared with fasting, indicating a delay in the rate of absorption. Food also decreased the C max by approximately 27% compared with fasting. The high-fat meal/fasting condition ratios for AUC 0-last and AUC 0-∞ were 106.8 and 110.1, respectively, and the corresponding 90% CIs were within the bioequivalence acceptance range, indicating that the extent of absorption did not change. The potential for the modulation of absorption by food is typically limited with highly (e.g., > 50%) bioavailable drugs such as niraparib. In a similarly-sized phase 1, open-label, randomized study conducted in 32 patients with refractory/resistant advanced solid tumors [20] , a high-fat or standard meal delayed the rate of absorption (T max ) of olaparib by approximately 2 h and increased the extent of absorption (AUC) by approximately 20%. Oral oncology drugs are typically administered on an empty stomach, as studies have demonstrated that food may increase the bioavailability of drugs by 4-to 10-fold [16, 17] and thus increase their toxicity. The results of the current substudy suggest that patients should be made aware that they can take niraparib with or without food, since eating does not change the expected efficacy and safety profile of this PARP inhibitor. The safety results were in line with those of the overall ENGOT-OV16/NOVA study [15] and with the known safety profile of other PARP inhibitors [20] [21] [22] , and no new safety signals were observed. The most frequently reported treatment-related TEAEs post substudy (in the once-daily dosing phase) were decreased appetite, anemia, and thrombocytopenia.
In this substudy, PK parameters for oral niraparib were similar following a 10-hour fast or high-fat meal, and the safety profile was similar to data shown previously [14] . In conclusion, the lack of food effect on PK parameters indicates that niraparib can be taken with or without food according to patient preference or individual tolerance. 
